To ensure that the best scientific evidence is available to guide conservation action, effective mechanisms for communicating the results of research are necessary. In medicine, an evidence-based approach assists doctors in applying scientific evidence when treating patients. The approach has required the development of new methods for systematically reviewing research, and has led to the establishment of independent organizations to disseminate the conclusions of reviews. (1) Such methods could help bridge gaps between researchers and practitioners of environmental conservation. In medicine, systematic reviews place strong emphasis on reviewing experimental clinical trials that meet strict standards. Although experimental studies are much less common in conservation, many of the components of systematic reviews that reduce the biases when identifying, selecting and appraising relevant studies could still be applied effectively. Other methods already applied in medicine for the review of non-experimental studies will therefore be required in conservation. (2) Using systematic reviews and an evidence-based approach will only be one tool of many to reduce uncertainty when making conservationrelated decisions. Nevertheless an evidence-based approach does complement other approaches (for example adaptive management), and could facilitate the use of the best available research in environmental management. (3) In medicine, the Cochrane Collaboration was established as an independent organization to guide the production and dissemination of systematic reviews. It has provided many benefits that could apply to conservation, including a forum for producing and disseminating reviews with emphasis on the requirements of practitioners, and a forum for feedback between researchers and practitioners and improved access to the primary research. Without the Cochrane Collaboration, many of the improvements in research communication that have occurred in
INTRODUCTION
recently proposed a framework based on evidence-based practice in clinical medicine and public health to revolutionize the way conservation management is conducted. Conservation practitioners intervene with the aim of improving the health of ecological systems just as doctors try to improve the health of their patients. Conservation interventions include the restoration of habitats (Pywell et al. 2002) and populations (Raesly 2001) , mitigation of human activity (Cosgrove & Hastie 2001) , removal of invasive species (Craik 1998) and controlling rates of species harvestings (Soerhartono & Newton 2001) . Practitioners also intervene using legislation (Salvatori et al. 2002) , economic incentives (Musters et al. 2001; Richards 1996) and landscape planning (Lutz & Bastian 2002; Meegan & Maehr 2002) .
Although ecological studies can be useful for guiding such interventions (Ormerod et al. 1999 (Ormerod et al. , 2002 Flaspohler et al. 2000) , there are relatively few direct studies of the effectiveness of interventions in the literature. Only 12.6% of 547 studies published in 2001 in three prominent conservation journals (Biological Conservation, Conservation Biology and Biodiversity and Conservation) specifically tested or reviewed an intervention. Only 6% of the 547 publications were reviews of conservation research (I. Fazey, unpublished data 2001) .
Summarizing and disseminating conservation research is the first step towards achieving effective implementation. Currently, most information flow involves a passive process of diffusion through journals rather than the proactive dissemination of information which is targeted for the intended audience (Lomas 1993) . Conservation managers find serious problems with the research literature; it is voluminous, has little coherence and is of varying quality (I. Fazey, D. Lindenmayer, personal observation 1990 Lindenmayer, personal observation -2004 . Journals are often obscure or expensive, and reports and environmental impact statements are generally accessible only to those for whom the work was originally intended. While some individual scientists do work hard to disseminate their findings, it is more often left to the practitioner to locate, synthesize and assess the relevance of information.
A recent study in clinical medicine found that doctors did not use 'evidence' if they could not access a relevant piece of information within two minutes (Ely et al. 1999) . We believe that similar problems exist in conservation. Without accessible information, practitioners will inevitably fall back on personal experience or subjective judgements. The value of experience in solving environmental problems cannot be understated (Woodwell 1989 ), yet we can still do much more to ensure that existing research is readily available to practitioners and encourage them to use it.
Can conservation biology learn from medicine?
Since the 1970s, there have been major improvements in the accessibility of science to medical researchers, doctors and patients. Systematic methods for identifying, selecting and critically appraising the primary literature and associated data have been developed to mitigate the biases that can occur when individuals review information. Organizations have also been formed to guide the production and dissemination of these reviews. The best known of these organizations is the Cochrane Collaboration (CC), which was established in 1993 to oversee international editorial groups that review systematic reviews, assess and develop the methods for reviewing data, and address issues of communicating science to doctors and patients.
The approach adopted in clinical medicine and public health has become known as 'evidence-based medicine' (or 'evidence-based practice'). This approach can be defined as 'the integration of best research evidence with clinical expertise and patient values' (Sackett et al. 2000) . It aims to review evidence as objectively as possible for the effectiveness of a specific practice, and ensure that practitioners understand and apply the results of research. It is not about making decisions based solely on scientific data; clinicians still have to integrate the data with other individual patient factors (Chalmers 1993) . Pullin and Knight (2001) have suggested that conservation management adopt a similar approach. So far there has been no detailed discussion about whether an evidencebased approach would be appropriate for conservation. In this paper we expand the debate and highlight how the methods and organizational structures in medicine could assist communication between researchers and practitioners. We address three main questions. (1) Can we systematically review evidence for conservation management? (2) Is an evidencebased approach appropriate for conservation management? (3) How can we make results from systematic reviews widely accessible?
(1) CAN WE SYSTEMATICALLY REVIEW EVIDENCE FOR CONSERVATION MANAGEMENT?
Systematic reviews in medicine
The purpose of a systematic review is to use explicit methods to identify, select and critically appraise relevant research and to collect and analyse data from the studies that are included in the review. Statistical methods (meta-analysis) may or may not be used to analyse and summarize the results (Glasziou et al. 2001) . In medicine, most reviews of basic science are published in scientific journals, whereas systematic reviews of the effectiveness of healthcare procedures are generally published through organizations such as the CC or in specialist publications. Systematic reviews have begun to be applied to other basic sciences, such as ecology (Gates 2002 ), but have not yet been used to assess the effectiveness of conservation management interventions (Pullin & Knight 2001) .
There are three main components that typically make reviews 'systematic' (as applied in medicine; Clarke & Oxman 1999) . The first is the method that is used to find relevant studies in the literature, such as the choice of databases, whether journals are to be searched by hand, or if studies published in other languages are to be considered. The second is the way in which studies from the searches are chosen for inclusion in the review and the criteria that are used to do this. Once the criteria have been defined, it is usually expected that at least two independent reviewers read each study because this dramatically reduces the bias associated with deciding whether it should be included. The third component is the process by which evidence from the separate studies is critically appraised, such as using statistical methods (see Gates 2002 for a detailed account of how systematic reviews differ from traditional narrative reviews and meta-analyses in an ecological context). Systematic reviews published by the CC are reviewed in a similar way to journal papers, although the process is more rigorous. A formulated question, protocol for the methodology and the completed review are all assessed in separate stages by the most relevant editorial board before the review is published. A section on the implications for research and practice are mandatory and the authors must state any conflicts of interest that may have influenced their judgements, including personal, political, academic or financial (Clarke & Oxman 1999 ). Reviews are not published if there are strong conflicts (for example a pharmaceutical company funding a review of one of their own products).
Types and quantity of evidence in conservation
While there are similarities between medicine and conservation management, there are also fundamental differences (Tables 1 and 2 ). Medicine primarily concentrates on the health of one species with a global distribution, whereas conservation management is often concerned with the wellbeing of multiple species and habitats that are usually restricted in range. These differences affect the type and quantity of information available for synthesis and review. The more controlled the conditions of the original studies, the more robust the review conclusions will be. In medicine, the CC deals only with reviews of clinical trials that have been carried out under the most robust experimental conditions, in other words randomized controlled trials (RCTs). Such experimental conditions are rarely attainable in conservation biology. Some study designs, such as natural experiments that compare situations before and after an event, or that use a natural standard as a control (see Lindenmayer et al. 2001) , have characteristics similar to true experiments (Diamond 1986 ). The use of these designs is increasing in conservation, and there are also opportunities for collecting more evidence from interventions that we use to manipulate environmental conditions. Despite these opportunities, there is proportionately much less evidence from studies conducted under controlled conditions in conservation management compared to medicine. This is partly because obtaining adequate replication is difficult (Eberhardt & Thomas 1991) , as in the case of replicating wetlands with specific vegetation communities when assessing the effect of water level management (see La Peyre et al. 2001) .
There are also problems in measuring desirable outcomes, and even if they can be measured, there can be disagreements on what constitutes a successful intervention. For example, the eradication of rabbits on Round Island, Mauritius, resulted not only in the positive outcome of the regeneration of endemic tree and reptile species, but also in the spread of the previously sparse exotic grass Chloris barbata (North et al. 1994) .
One much discussed issue in the medical literature is whether experimental units in the primary studies (usually patients) have been randomly assigned to treatments. Randomization is the only means for controlling for unknown and unmeasured differences between comparison groups as well as those that are known and measured (Kunz & Oxman 1998) . In experimental design, unpredictability is therefore introduced by using random allocation to protect against the unpredictable bias that can occur in non-randomized designs. Failure to include randomization can result in either an increase or a decrease in the effect of an intervention (Kunz & Oxman 1998) .
Statistical and methodological improvements have helped to eliminate some of the biases that affect conclusions of systematic reviews that are based on observational (nonrandomized) studies (Benson & Hartz 2000) . However, introducing some element of randomization in the primary studies where possible is important. For example, in the Tumut fragmentation 'natural' experiment, Lindenmayer et al. (1999) included elements of randomization by enumerating a large number of eucalypt forest patches, and then randomly selecting from them.
In environmental conservation, a huge range of variables may drive an issue. Directly controlling for the variables or controlling for them indirectly by using randomization may be very difficult. However, this is also the case for many areas of medicine (such as epidemiology or neuropsychiatry), which have difficulties conducting experiments to identify whether an action truly causes a phenomenon (van Reekum et al. 2001) . In these cases various criteria have been used to help pull together different strands of observational evidence and provide a process and framework upon which to build a balanced judgement. A number of different sets of criteria for inferring causation have been proposed, the most well known of which are the criteria published in response to the issue of whether smoking causes lung cancer (Hill 1965) . The criteria include assessing the consistency, strength, specificity, temporal relationship and coherence of the association (Fox 1991 , and references within). Applying such criteria has greatly influenced the use of observational data in medicine and public health and has direct relevance to conservation management.
A system that ranks the ability of the original study to control for bias is also used to synthesize less robust studies (NHMRC [National Health and Medical Research Council] 2000) . Similar systems could be applied to evaluating conservation procedures that include a wide range of evidence, including anecdotal and expert opinion (Pullin & Knight 2001) . Expert opinion and experience will always be an important part of making decisions; the goal has to be to use the best available scientific evidence. Adopting such an approach encourages researchers to develop and use more rigorous experimental designs wherever possible in order to improve the ranking of the evidence they collect.
Despite some clear differences between medicine and conservation, we see no reason why attempts could not be made in conservation management to begin to use more of the techniques applied in medicine that help to objectively synthesize and apply what may initially appear to be disparate types of evidence. This includes using at least some of the components of systematic reviews. Conclusions from such reviews may not be as robust as those that synthesize randomized experimental data, but would be an improvement on more traditional reviews that do not acknowledge the many sources of bias associated with them (see Gates 2002) .
Are the types of questions about conservation interventions amenable to systematic review?
In medicine, considerable emphasis is placed on formulating questions that systematic reviews can answer. Precise questions allow focused reviews. Producing systematic reviews therefore necessarily lends itself to a reductionist approach. In ecology, such reductionism emphasizes the structural aspects of natural systems and focuses on individual species and population dynamics of species within isolated ecosystems, compared to more holistic approaches that focus on macro-level functional aspects (de Leo & Levin 1997) .
Fully controlled experiments are likely to be most appropriate for answering specific questions. However, in some cases it may be impossible or inappropriate to isolate conservation interventions if they act synergistically, such as in the use of multilateral accords, declarations and actions to reduce seabird mortality in longline fisheries (Gilman 2001) . Thus, finding solutions to conservation problems often requires a more integrated or interdisciplinary approach (Ludwig et al. 1993 ) that takes advantage, where possible, of any experimental evidence.
To illustrate the problem of systematically reviewing specific questions of conservation management, we consider the effectiveness of wildlife underpasses constructed under roads for amphibians in the Northern hemisphere. Wildlife underpasses are often used to mitigate the detrimental effect of roads that kill individual animals (Lode 2000) and fragment and reduce the viability of populations (Hels & Nachman 2002) . There are many questions about the effectiveness of underpasses for amphibians that could be reviewed. Some of these might be: (1) does a particular frog species use the underpass? (2) For amphibian species, do underpasses, compared to having no underpasses, reduce mortality? (3) For an amphibian species, do underpasses increase the viability of the metapopulation in the long term?
When faced with a development application for a road, a review of question (1) could provide some information for an environmental impact statement. Similarly, it may be possible to review studies that ask if underpasses reduce mortality (question 2). However, while knowing if wildlife underpasses maintain the viability of frog populations is the most useful question (question 3), it may also be the least practical. Tunnels may maintain viability in some cases, such as when there are relatively stable populations on either side of the road, but not in others where other factors may be influencing population viability. These issues are further complicated when multiple species are considered, because roads have different impacts on species (de Maynadier & Hunter 2000) and underpasses provide variable benefits (Clevenger & Waltho 2000) . Sackett et al. (2000) make the distinction between knowing the evidence, and applying the evidence in a particular circumstance. Reviews are essential simply because no individual can retain all information and hope to be able to deduce reliable conclusions from it. Although we need more systematic reviews of conservation science, the example above illustrates that there will still be significant issues in deciding how they would apply to individual circumstances. In medicine, methods are being developed to improve on the integration of questions and different types of evidence where answers to multiple questions are required to guide decision-making (see NHMRC 2000) . Such methods would also be necessary for the application of systematic reviews of conservation management. 
(2) IS AN EVIDENCE-BASED APPROACH APPROPRIATE FOR CONSERVATION MANAGEMENT?
Because of the complexity of ecological systems, even if the likely outcome of an intervention is known, there will often be a high degree of uncertainty that cannot be predicted even with the best scientific evidence (Table 3) . For example, while a review of introducing grazing on lowland heaths in the United Kingdom (UK) found that higher stocking rates generally increased plant species richness, the precise effects on species composition varied widely between sites (Bullock & Pakeman 1997) . Without near-perfect information, conservation-related decisions will often rely heavily on valuebased judgements ) and expert judgement (Woodwell 1989) . Thus, to confront uncertainty, a number of complementary approaches (such as quantitative risk assessment, safe minimum standards and the precautionary principle) will always be required (Mooney & Sala 1993) . Adaptive management is one such approach that is promoted in conservation. While an evidence-based approach using reviews of the literature asks if there is prior evidence for an intervention, adaptive management aims to learn through the continued reflective process of reviewing management decisions. In this respect adaptive management actively acknowledges uncertainty because it tries to learn from it, while an evidence-based approach does not do this directly.
Unfortunately, adaptive management is rarely well structured and implemented (Taylor 1997) , and while one of the claimed benefits of adaptive management is that practitioners are forced to work closely with researchers, there is no mechanism for ensuring such cooperation (Allan & Curtis 2003) . Ensuring that reviews of research are available to practitioners will therefore always be an important part of conservation.
As in medicine, it is likely that many reviews of conservation management would find little evidence to support or reject the use of a certain procedure. For example, in the UK, translocation is a common mitigation strategy for reptiles and amphibians faced with habitat loss as a result of economic development. The intervention is expensive, but there are few studies that have assessed the effectiveness of the approach, and translocation is often used without full awareness of its limitations (cf. Seigel & Dodd 2002) . Many management actions are also not monitored (Block et al. 2001) , and any review that highlights the lack of available information strengthens the argument for the collection of more and better evidence. Adopting an evidence-based approach could thus complement and work with adaptive management that requires monitoring to be effective. The results of adaptive management projects could feed into an evidence-based approach to ensure that results are widely available. An evidence-based approach will therefore be appropriate for conservation, as long as it is not applied in isolation from other approaches.
(3) HOW CAN WE MAKE RESULTS FROM SYSTEMATIC REVIEWS WIDELY ACCESSIBLE? The Cochrane Collaboration
There is no point in conducting reviews if they are not accessible to researchers and practitioners or if the implications of the reviews for conservation management are unclear. In medicine, it was recognized that an organization was needed specifically to guide the production and dissemination of systematic reviews. The international non-profit CC now includes 49 international editorial review groups for different areas of medicine, 11 groups that investigate the methods for reviewing information and disseminating their findings, 15 Cochrane Centres that support the CC worldwide, and consumer networks that ensure the information provided is continually relevant and useful. Reviews are available from the Cochrane Library on compact disk or via the Internet. In some countries access is free, such as in the UK and Australia, where there is government sponsorship. Cochrane Centres are usually funded by their respective governments, while the majority of individuals making up the editorial and working groups do so voluntarily, or as part of their existing jobs in academic and health care institutions.
Why is an independent organization devoted to disseminating reviews important?
The CC was set up to be an independent organization with guiding principles that allow it to disseminate information in Table 4 Summary of the benefits of the CC for medicine that could also apply to conservation management.
Direct benefits
Other benefits from reviewing and disseminating reviews through the CC Forum for the development of methods for Global collaboration reviewing evidence
Reviews clarify limits to current research and knowledge Forum and process for disseminating research to Greater accessibility to primary research practitioners
The collection of more and better evidence Forum and process for feedback from practitioners Greater inclusion of null results in the literature to researchers
Highlights the importance of an applied discipline to the wider community Encourages incentives for synthesizing information an unbiased and non-political way. The principles aim not only to maintain the core principles of science, such as rigour and objectivity, but also to promote the accessibility of science to society. The ten principles are: collaboration, building on the enthusiasm of individuals, avoiding duplication, minimizing bias, keeping up to date, striving for relevance, promoting access, ensuring quality, maintaining continuity and enabling wide participation (Cochrane Collaboration, http:/ /www.cochrane.org).
There have been many direct and indirect benefits of an independent organization that guides the production and dissemination of systematic reviews (Table 4) . Recognition for synthesizing activities has increased, and conducting a systematic review is now considered to be an important part of an academic's portfolio and postgraduate research. Reviews have highlighted the limits of current information and there is now greater emphasis on publishing studies with null results and obtaining more and better evidence. There have also been major improvements in accessibility of the primary literature through free comprehensive search databases, journals and databases of clinical trials (such as PubMed, http:/ /www.ncbi.nlm.nih.gov/entrez/). Access to data, primary studies and reviews are currently limited in conservation. This is either because of the physical difficulty of accessing the research or because it is not produced in formats that are clear, concise and understandable. Current incentives do not encourage collaboration and synthesis activities, and academics face strong disincentives for applied research that may not be as new, exciting or publishable as pure research. Conservation journals have a longer time from submission to publication than other ecological and evolution journals (Kareiva et al. 2002) , and access to them is limited if an individual is not affiliated with a large institution that can afford a wide range of journals or expensive search databases. The conclusions of conservation-related reviews are also likely to be biased by primary studies with positive results (cf. Jennions & Moller 2002 ) and practitioners may be using interventions despite unpublished studies that have found them to be unsuccessful.
It is essential for conservation to find mechanisms that demonstrate its importance to the wider community. In medicine, the CC has influenced more than just research and direct practice. Reviews have been used by patients, in parliamentary reviews, commissions and inquiries, and have facilitated the transparency of medical science in the public arena (J. Salisbury, personal observation 1995 Salisbury, personal observation -2004 .
Are there existing organizations like the CC in conservation?
We are unaware of any organizations or programmes in conservation with the same objectives and principles as the CC. Some conservation organizations have principles similar to the CC (Table 5 ). Some systematic processes aim to review information and make reliable conclusions from it in a similar fashion to the application of the results of systematic reviews in medicine, for example designating risk status of species (Shank 1999) or assessing the loss of individuals and habitat of endangered species (Smallwood et al. 1999) . Some conservation-related journals are dedicated to reviews (such as Annual Review of Ecology and Systematics), aim to make research results more understandable to practitioners (such as Frontiers in Ecology and Environment published by the Ecological Society of America and Conservation in Practice produced by the Society for Conservation Biology) or aim to make quality science freely accessible to society (such as PloS Biology http:/ /www.plosbiology.org). Some learned organizations might provide guidance based on reviewing information (for example briefing papers produced by the Fisheries Society of the British Isles, http:/ /www.le.ac.uk/biology/fsbi). However, there are no organizations with the same principles of collaboration, altruism and independence as the CC, which directly aim to develop methods for reviewing studies of conservation management, guide the production of the reviews and widely disseminate their findings at low cost or free of charge.
Perhaps the conservation organization most similar to the CC is the World Conservation Union (IUCN) . The IUCN is a collaboration of a large number of scientists dedicated to providing advice and guidelines. It includes more than 10 000 internationally recognized scientists and experts from more than 180 countries that volunteer their services, and has approximately 1000 staff members. Its mission is to 'influence, encourage and assist societies throughout the world to conserve the integrity and diversity of nature and to ensure that any use of natural resources is equitable and ecologically sustainable ' (IUCN 2001, p. 3) . One of the key objectives of the IUCN is to develop information management and communication systems to ensure the accessibility Global organization that aims to provide advice, guidelines and conduct conservation programmes (see text for more details)
www.iucn.org of accurate data, information and knowledge to guide conservation action (IUCN 2001, p. 59) . However, the IUCN does not currently produce reviews in the same way as the CC because its main focus is to provide information on biodiversity rather than on reviews of management action per se. Despite these differences, as a well-respected global and independent organization with extensive networks of expertise, the IUCN may be well positioned to be an umbrella body to guide the production of systematic reviews of conservation interventions.
ACHIEVING BETTER COMMUNICATION BETWEEN RESEARCHERS AND PRACTITIONERS
We believe that the accessibility of primary research for conservation managers is currently inadequate. Conservation biologists who wish their work to be of relevance to the world's environmental problems should ensure that their research is understandable and widely accessible. Greater incentives for reviews and finding more effective ways to disseminate them will be a necessary part of this process. Practitioners will not waste time sifting through primary literature that has not been well synthesized and will be in a better position to implement conservation strategies that are based on evidence of effectiveness rather than on opinion or trial and error. Although it will not be possible to use precisely the same methods as those of the CC that review tightly controlled experimental data, many of the systematic components can be used for reviews of conservation management. Some of these methods can be used immediately, including being more specific in how studies are searched for and the criteria used for deciding whether a study should be included in a review. This would highlight the current difficulties of accessing primary research and may prompt improvements in database access. Stating the implications of reviews for research and practice is now a standard procedure in many medical journals, and editors of conservation-related journals could also encourage this (as in the Journal of Applied Ecology).
We acknowledge that conservation will attract less funding than medicine and public health (Noss 2000) . Consequently, further discussion and debate will be needed to determine precisely how the conservation biology scientific community can contribute to providing sound advice to practitioners given its current resource limits. For example, there are similar organizations to the CC that are smaller and less well resourced, such as the non-profit Campbell Collaboration (http:/ /www.campbellcollaboration.org) that aims to help people make well-informed decisions about the effects of interventions in the social, behavioural and educational arenas. It is important to recognize that systematic reviews in medicine and the CC were driven predominantly by the enthusiasm of a few people, headed by Iain Chalmers in Oxford, UK. Most of the expense of the CC supports the Cochrane Centres, while the library of reviews is predominantly funded by the non-profit returns from its wide-scale use. It may, for example, require relatively little funding for researchers to form editorial review groups to work on selected conservation topics. Many collaborations of scientists already exist and may be able to act as editorial groups (for example the Declining Amphibian Task Force, http:/ /www.open.ac.uk/daptf/index.htm). In the experience of medicine, once the process of systematic reviews took hold and the limits to current information became apparent, the work of reviewing research attracted more support from outside the medical profession.
Despite the many advantages of the CC it is important to recognize there are still substantial gaps with respect to getting good quality research evidence into medical practice (Waddell 2001) . Summarizing research is a necessary first step, and one in which researchers must play an important role, but more effort will be required to ensure that wellattested science is implemented. Because there are rarely single answers to conservation issues, and many of the problems are social or political rather than purely biological, we will need effective methods to integrate and implement a wide variety of different types of information. Thus, introducing a CC-like organization in conservation would not meet all of conservation's information needs, but would be an important step to achieving the more effective use of science in management.
